INTRODUCTION
Typical outcome measures used in multiple sclerosis (MS) clinical trials are the annualized relapse rate (ARR) and the Expanded Disability Status Scale (EDSS), a clinician-rated categorical scale ranging from 0 (normal neurological exam) to 10 (death resulting from MS) [1, 2] . Both ARR and EDSS are useful metrics for research trials to determine the efficacy of an intervention, but these measures do not adequately capture many important dimensions of MS, such as cognitive function, vision, depression, or fatigue. Also, these same dimensions are not captured in a consistent and standardized way in clinical practice [3] . Although clinical office notes include symptoms and neurological exam findings, there is little standardization or quantification; therefore, it has not been possible to develop systematic knowledge from routine office visits by patients with MS. In order for health care professionals (HCPs) to better understand disease progression, to enable individualized therapy decisions, and to learn from clinical practice, standardized, quantitative clinical data are needed to complement the traditional neurological examination in medical care settings [4] .
Quantitative measures of MS have been used within the context of clinical trials but are rarely administered in routine clinical practice. The Multiple Sclerosis Functional Composite (MSFC) is a reliable and well-validated instrument that was developed as a multidimensional quantitative measure of neurologic disability in patients with MS [5] . The four components of the MSFC-4 include measures of upper and lower extremity function, vision, and cognition [6, 7] . Starting in 2012, the Multiple Sclerosis Outcome Assessment Consortium launched an initiative focused on functional performance outcome measures (PerfOs) that quantify walking speed, manual dexterity, vision, and cognition; measures traditionally used within MSFC-4 were highlighted (https://c-path.org/ programs/msoac/) [7] [8] [9] [10] [11] . The traditional method of conducting the MSFC-4/PerfOs has some limitations, most notably the need for the tests to be administered by a trained technician. This has limited the use of MSFC-4 in clinical practice [12] . For similar reasons, comprehensive collection of standardized patient-reported quality of life (QoL) outcome data is not routine in clinical practice [13] . Although several MSspecific QoL scales have been developed, few are routinely used in the practice setting owing to the difficulty of collecting, scoring, and tracking relevant QoL outcomes [13, 14] .
To enable the routine collection of PerfOs and QoL data in a clinical setting, we developed the Multiple Sclerosis Performance Test (MSPT). In this paper, we describe the technical development of the MSPT tool and report three substudies that examine human factors, usability, and initial clinical implementation of the MSPT.
METHODS

The Multiple Sclerosis Performance Test
The MSPT tool was designed so that the vast majority of patients could perform the test with minimal to no supervision. The tool integrates a standardized patient history questionnaire, PerfO assessments, and a well-validated QoL instrument on one platform that can be selfadministered. Summary data from these tests can be imported into the electronic medical record (EMR). The integrated MSPT reduces the logistical barriers to collecting the data that provide an objective and holistic view of a patient's clinical status. The MSPT is an assessment tool that enables the aggregation of datasets traditionally employed in clinical trials, effectively allowing the collection and use of standardized, clinically meaningful data while minimizing resource burden to the HCP.
The MSPT is an iPad Air Ò 2 (Apple, Cupertino, CA, USA)-based assessment tool that is comprised of both software and hardware components, designed specifically for the collection of standardized clinical data from patients with MS during routine clinic visits (Fig. 1) . Data can be collected in approximately 30 min and scored and aggregated at the time of testing, with minimal or no assistance from medical staff. The MSPT described here is a more sophisticated version of a research prototype of the tool initially developed at the Cleveland Clinic Foundation [8] , comprising a software application that is an electronic adaptation of PerfOs validated against the MSFC-4. The MSPT tool described here and developed jointly by the Cleveland Clinic Foundation and Biogen has substantially improved functionality and has been re-designed to enable administration by the patient with minimal or no supervision. It includes the following modules: (1) Processing Speed Test (PST), which evaluates cognitive function including elements of attention, psychomotor speed, visual processing, and working memory, and is adapted from the Symbol Digit Modalities Test [15, 16] ; (2) Contrast Sensitivity Test (CST), which measures visual acuity with 100% and 2.5% levels of contrast, and is adapted from the Sloan Low Contrast Visual Acuity Test [17] ; (3) Manual Dexterity Test (MDT), which assesses upper extremity function and is adapted from the 9-Hole Peg Test [18] ; and (4) Walking Speed Test (WST), which assesses lower extremity function, and is adapted from the Timed-25 Foot Walk [19] . These four modules of the MSPT provide a comprehensive assessment of the neurologic function impacted by MS. Details of each PerfO task are presented elsewhere [20] .
The MSPT case enclosing the iPad Air Ò 2 is a lightweight unit made of injection-molded Cycoloy TM resin components (Omega Plastics, MI, USA; Fig. 1 ). The case includes a moveable overlay that provides a test grid configured to move in and out of physical contact with the screen, and incorporates receptacles for metal pegs to enable the MDT. The grid of apertures extending through the overlay allows pegs to mechanically and electrically connect with the iPad Air Ò 2 screen, which is programmed to measure individual peg insertion and removal times for the MDT. The overlay is hinged and can be rotated 260 degrees about the pivot away from the touchscreen to operate as a kickstand to support the housing and the iPad Air Ò 2 when positioned on a table. The kickstand specifications are specifically designed to enable correct positioning for the vision test module (CST), but also allow convenient positioning for viewing of other assessment modules. Aluminum pegs and a Bluetooth remote are housed in receptacles incorporated into the case and are stored in place with a magnetized cover.
Software features added to the previously reported prototype [8] of the MSPT include a clinical wrapper enabling patient and administrator log-in; a structured patient history questionnaire module termed MyHealth to record demographics, health history, use of MS disease-modifying therapies, and other questions related to a patient's MS status; and the Quality of Life in Neurological Disorders (Neuro-QoL) measurement system (Fig. 2) . The Neuro-QoL contains validated self-report measures designed to assess the health-related quality of life (HRQoL) of people with a wide range of neurological disorders [21] . These self-report measures are in the broad domains of physical, mental, and social functioning. The Neuro-QoL uses computer-adaptive test (CAT) methodology to comprehensively quantify a person's HRQoL while minimizing the number of questions that are asked [22, 23] . The use of CAT methodology allows for the most efficient data collection by presenting the fewest questions needed to achieve a predetermined level of precision.
The modular assessments are presented to the patient in a predefined sequence via an interface designed for ease of use and patient comprehension (Fig. 2) . Each module of the MSPT includes audiovisual instructions to guide the patient through each step of the assessment. Headphones are provided, and video instructions in the patient's preferred language (currently English, Spanish, or German) map to text instructions displayed on the screen. The functional assessment modules include tutorials and practice tests to familiarize patients with the modules.
The MSPT is designed to be used in the clinical setting with minimal supervision. A diagrammatic representation of MSPT administration in routine clinical care is presented in Fig. 3 . After the patient is logged into the MSPT system (Fig. 4 , left panel) and independently conducts the MSPT assessments, the MSPT software application can provide the HCP with immediate access to a comprehensive dashboard of longitudinal patient demographic and clinical data (Fig. 4 , right panel). Using the iPad Air Ò 2 touch screen, individual data points can be selected for a more detailed review (see Supplementary Figs. 1-5). The MSPT also has a print feature allowing printing (using AirPrint Ò ) of a summary document from the iPad Air Ò 2, displaying individual patient results. Alternatively, MSPT data can be viewed directly in the EMR and/or patient data can be accessed by the HCP via a secure MSPT web portal intended to support medical research.
The MSPT application interfaces with a secure cloud-based system that is designed for analysis, storage, and integration with external systems (Fig. 5) . A connectivity gateway consisting of application programming interfaces (APIs) was designed per Health Level-7 standards. The gateway can be configured for any modern hospital electronic medical record A clinic staff member can log a patient into the MSPT system using the administration wrapper (step 2 in the careflow). Each patient has a unique ID and information from prior visits can be recalled so that data input is reduced on subsequent visits. Data collected from the patient are aggregated and presented to the HCP at the point of care (step 5 in the careflow). A summary dashboard was designed to provide the HCP with a comprehensive overview of the patient's functional status. MSPT Multiple Sclerosis Performance Test (1) inputs data using MSPT software application graphic user interface (2) and files are instantaneously uploaded to the MSPT cloud, a HIPAA compliant, secure AWS environment (3). Files are transferred in JavaScript Object Notation (JSON) format. Files can be transferred to a web server, a cloud-based database or exported via a gateway to allow integration into the medical record (4).
The HCP (5) can access patient data via the MSPT software application (6) or a secure web portal (7) . API application programming interface, EMR electronic medical record, AWS Amazon Web Services, HCP health care professional, HIPAA Health Insurance Portability and Accountability Act, HL7 Health Level-7, MSPT Multiple Sclerosis Performance Test, SOAP Simple Object Access Protocol all protected health information at rest and during transmission. Access to the MSPT cloud and data therein is restricted to the health care institution that is using the registered tool.
In compliance with International Organization for Standardization (ISO) 13485 requirements [24], a design-history file was developed for the MSPT that included a full risk analysis, and details on the generation of software requirement specifications, design, development, testing, and release of a commercialready product. Software components of the MSPT were implemented using Objective-C, Ruby on Rails, and Go programming languages.
Substudy 1: Human Factors Study
A formative, simulated-use human factors study of the MSPT was conducted to identify unanticipated use-error patterns that could be related to the design of the graphical user interface (GUI). The study included 14 representative users: 7 adult patients with definite MS and 7 healthy control participants, defined as clinical staff who provide care for patients with MS on a regular basis. All participants were unfamiliar with the MSPT. The representative users interfaced with software version 1.1 (v1.1) of the MSPT under simulated clinical conditions (i.e., self-administration). The study also included a short follow-up survey regarding the MSPT GUI and its implications for patient care. Analysis comprised a heuristic evaluation with descriptive and categorical summations of the survey data.
Substudy 2: Usability Study
This was a multi-center, cross-sectional feasibility study designed to assess the usability of a fully integrated MSPT (v1.1) in a population of patients with MS, representative of those who would use the MSPT in a clinical setting. Sixty study participants were enrolled at three comprehensive MS clinical care sites (20 per site): the Cleveland Clinic, Johns Hopkins Hospital, and the New York University Langone Medical Center. Any patient with a diagnosis of MS was eligible to participate in the study unless severe visual or cognitive impairment precluded them from seeing or comprehending the informed consent or assessment tool instructions. The patients were assigned all modules of the MSPT. Self-administration was videotaped and a survey was administered after completion of the MSPT. This study probed the usability of the MSPT modules in clinical settings in terms of: (1) completion rate; (2) time to completion; (3) number and type of errors made in completion of the modules; and (4) satisfaction with the MSPT experience.
Data were analyzed descriptively with R (https://www.r-project.org/), using summary statistics for continuous variables and frequency distributions for categorical variables. Confidence intervals were calculated as appropriate. Open text responses (qualitative free text) from the MSPT Usability Survey and video recordings were analyzed to identify any specific changes/modifications that could improve the usability of the MSPT. All participants in substudies 1 and 2 provided written informed consent and the protocols for these studies were approved by appropriate local institutional review board committees. Data for substudy 3 were obtained from routine clinical practice under a registry protocol approved by the Cleveland Clinic Institutional Review Board. All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1964, as revised in 2013.
RESULTS
Substudy 1: Human Factors Study
Overall, the MSPT was found to be safe and easy to use. All participants completed nearly every task without use errors. The difficulties that some participants experienced informed minor design changes. Examples of recommended changes included modification to the GUI and clarification or addition of instructions to better direct the end user.
In the follow-up survey, participants and HCPs were asked questions about their perceptions on using the MSPT. In general, all the participants found the MSPT experience to be positive. Patients generally reported that the MSPT was intuitive (6/7 respondents) and that it would help them better articulate symptoms and/or disease progression (5/7 respondents). The large majority of HCPs reported the information generated from the MSPT to be useful (6/7 respondents) and indicated that the MSPT would improve interaction with patients (6/7 respondents). HCPs indicated that the data from the MSPT would lead to patients being more ''engaged in the conversation'' (7/7 respondents) and more compliant with treatment recommendations (7/7 respondents).
Substudy 2: Usability Study
A total of 59 of the 60 enrolled participants underwent and completed the testing. One patient was not able to complete testing. Patient characteristics are presented in Table 1 . Module completion rate was defined as the percentage of patients with MS who completed the modules they were assigned and initiated. Of note, study coordinators provided neither guidance nor supervision during usability testing; however, coordinators were instructed to record any specific questions from patients with MS that arose during usability testing. Table 2 indicates that completion rates were high ([ 95%) for the MyHealth, Neuro-QoL, PST, MDT, and WST modules, while a lower completion rate was observed for the CST (75%) module. A total of 16 patients (27%) skipped at least one module Results of the MSPT satisfaction survey are shown in Fig. 6 . For most questions, [ 85% of the participants were satisfied/completely satisfied with their user experience. Lower satisfaction ratings were observed for the CST (27%) and MDT (72%) modules.
Substudy 3: Initial Clinical Implementation of the MSPT
MSPT data from the first 1000 patient visits, pertaining to the usability of the MSPT, were analyzed. Of the 1000 visits, 792 were from unique patients using the MSPT for the first time as part of their routine clinical care. The remaining 208 visits were self-administered by return patients with prior use of the MSPT. Patient characteristics for the 792 first-time MSPT users are presented in Table 1 . Patients in the initial clinical implementation were older, had a longer disease duration, and included fewer African Americans and Hispanics than patients in the usability study; no differences were observed regarding sex, education, disease course, and self-reported disability (PatientDetermined Disease Steps). Table 2 indicates that completion rates in this cohort were high ([ 91%) and comparable with those of substudy 2, with the exception of completion rates for the CST (52%) and Neuro-QoL (80%) modules. The lower completion rate for the CST module has prompted design optimization of this particular module (see ''Discussion'').
Completion times in substudy 3 were slightly faster than in substudy 2 for all modules except MyHealth and Neuro-QoL. The faster PST, CST, MDT, and WST completion times in the clinic setting than under study conditions may be a reflection of the reduced time spent in each module on return visits, suggesting that module completion rates may fall with increasing experience. The MyHealth module 
MSPT Satisfaction Survey
Agreed that completing tests on the iPad was easy
Agreed that applications were easily viewed
Agreed that audio instructions were easy to understand
Agreed that video instructions were easy to understand
Agreed that written instructions were easy to understand The absolute number of patients assigned the Neuro-QoL module via the MSPT was lower than the number assigned to other modules because patients at the Mellen Center frequently complete this assessment using a unique web-based portal prior to their clinic visit.
DISCUSSION
Following ISO 13485 standards, the MSPT was optimized, tested, and released. This neurological assessment tool was designed with the goal of enabling the routine collection of quantitative clinical assessments of patients with MS through a technology-enabled solution. The purposes were to collect standardized, longitudinal, clinically meaningful data without unnecessary burden to the patient or HCP, and to facilitate standardized clinical data aggregation for systematic learning. From September 2015 to September 2018, the MSPT has been successfully implemented at the Cleveland Clinic Mellen Center for Multiple Sclerosis and at 6 other MS Centers in the US, 2 in Germany, and 1 in Spain as part of a technology enabled MS network called MS PATHS (Partners Advancing Technology for Health Solutions). Within this network, MSPT is used as part of routine care, and de-identified data are aggregated for learning. Overall, over 14,000 MS patients have used MSPT during over 25,000 patient encounters. In MS PATHS, The MSPT was granted CE marking to be used for the purpose of monitoring disease, as part of the treatment of MS, and is classified as a Class I medical device.
Patients are scheduled to come to the clinic 30 min prior to their physician appointment and complete the MSPT assessment immediately prior to their appointment. The data generated by the patient using the MSPT can be incorporated into the EMR and used at the point of care in the patient-physician consultation. By enabling the standardized collection of clinically meaningful information, the MSPT has the potential to transform care for patients with MS by making quantitative information available at the point of care, previously only rarely available to MS neurologists owing to the practical constraints of limited resources in a busy clinic environment.
The MSPT was designed for patients with MS and their physicians, with significant emphasis placed on the context of the use. The test modules were adapted from neurological assessments used in the field of MS and were further validated to demonstrate that in a digital format these assessments deliver clinically meaningful data when conducted by the patient with limited or no supervision [20] (Rao et al., submitted). Questionnaires and audio and visual instructions were developed to be easily comprehensible and the GUI was designed for a positive user experience and intuitive functioning. The hardware case surrounding the iPad Air Ò 2 was designed for functionality and durability and to optimize the execution of the test modules.
Through systematic development and the incorporation of human factors and usability testing, we have shown that the effectiveness of the product performance as measured in a study setting can be translated into the clinical setting. An important measure of effectiveness of an assessment tool is the extent to which the user can achieve their goals in the intended context of use [25] .
Usability testing identified specific challenges with the CST-the vision assessment module of the MSPT-which were reflected in lower completion rates. Post hoc analysis revealed that 63% of participants had to re-align their heads or move the MSPT at some point during the assessment in order to stay within a viewing distance range (45-55 cm). If the patient moved outside of the range, the test was stopped and did not resume until the head moved within range. Subsequent versions of the MSPT have incorporated software modifications to improve the range-finding capability to optimize the CST module, and additional improvements are in development. These issues exemplify the value of quantitative and qualitative usability testing. Generally, no significant challenges were identified with the other MSPT components; the vast majority of patients reported high levels of acceptance of the MSPT component tests and ease of use. Initial clinical implementation generally confirmed patient acceptance found with the usability testing.
There are some notable limitations. First, as mentioned, the CST was not easy to use, with only 52% completing the test. Improved versions of CST will hopefully improve usability and patient experience. Second, implementing MSPT into clinical practice requires changes to the clinic workflow, and issues include the need to modify patient schedules to allow adequate time for testing, explaining the rationale for MSPT use to patients, providing assistance the first time they take the testing, and gaining HCP agreement to review results with the patients. Third, there are significant costs associated with the MSPT, including manufacturing costs, implementation and support costs, hosting MSPT data in the cloud, and integrating MSPT data into the provider EMR. These costs were paid by the sponsor of this project, but widespread implementation will need to consider these costs. Thus, the tool is not widely available at the present time. And finally, the value of collecting high-quality, meaningful, standardized data as part of patient care will need to be demonstrated through future research. As health care systems evolve to payments for quality, and ultimately payment for specific outcomes, systematic approaches to data collection, such as MSPT, should fill an important unmet need. Experience gained with the MSPT at 10 health care institutions participating in MS PATHS will inform future product development and commercialization decisions prior to broader availability for use in MS clinical practice and studies.
CONCLUSIONS
The MSPT is a digital assessment tool that allows the collection of standardized, quantitative, clinically meaningful data in the clinical setting for individual assessments of patients with MS, as well as real-world evidence generation. Collectively, the application of robust user interface and user experience design and testing resulted in a health care technology product that has the potential to make standardized clinical information available to HCPs during routine care, which ultimately could benefit patients with MS, MS research, and the health care system. data and accuracy of the data analysis. All authors read and approved this manuscript.
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